Understanding catecholamine metabolism is crucial for elucidating the pathogenesis of hereditary hypertension. Here we integrated transcriptional and biochemical profiling with physiologic quantitative trait locus (eQTL and pQTL) mapping in adrenal glands of the HXB/BXH recombinant inbred (RI) strains, derived from the spontaneously hypertensive rat (SHR) and normotensive Brown Norway (BN.Lx). We found simultaneous down-regulation of five heritable transcripts in the catecholaminergic pathway in young (6 weeks) SHRs. We identified cis-acting eQTLs for Dbh, Pnmt (catecholamine biosynthesis) and Vamp1 (catecholamine secretion); enzymatic activities of Dbh and Pnmt paralleled transcripts, with pQTLs for activities mirroring eQTLs. We also detected trans-regulated expression of Vmat1 and Chga (both involved in catecholamine storage), with co-localization of these trans-eQTLs to the Pnmt locus. Pnmt re-sequencing revealed promoter polymorphisms that result in decreased response of the transfected SHR promoter to glucocorticoid, compared with BN.Lx. Of physiological pertinence, Dbh activity negatively correlated with systolic blood pressure in RI strains, whereas Pnmt activity was negatively correlated with heart rate. The finding of such cis-and trans-QTLs at an age before the onset of frank hypertension suggests that these heritable changes in biosynthetic enzyme expression represent primary genetic mechanisms for regulation of catecholamine action and blood pressure control in this widely studied model of hypertension.
INTRODUCTION
Excessive sympathoadrenal activity is implicated in the pathogenesis of both essential (1, 2) and acquired (3) hypertension, in humans (4, 5) and experimental animals (6) , and adrenergic receptor antagonists are a mainstay of antihypertensive therapy (7, 8) . Increased sympatho-neuronal activity was observed in normotensive humans with family history of hypertension (2) , as well as young spontaneously hypertensive rats [SHRs (9) (10) (11) ]. The present study focuses primarily on genes involved in adrenal medullary physiology and their role in the pathogenesis of essential hypertension. Implicating evidence comes from studies showing that adrenal medullectomy in young SHR results in a decrease in blood pressure in the adult (12) (13) (14) , but the exact mechanism by which this occurs is not well established. Understanding mechanisms that influence catecholamine biosynthesis, storage, secretion and degradation in the adrenal medulla of young SHRs may give clues as to which processes are dysregulated early in the development of hypertension, before full manifestation of the disease, and may shed light on factors that mediate disease susceptibility.
Previous studies focusing on catecholamine biosynthetic enzyme activities in the adrenal medulla of the SHR showed inconsistent results, possibly owing to the different normotensive controls used in the experiments. Tyrosine hydroxylase (Th) was in turn reported to be decreased (10, 15, 16) , unchanged (17) and increased (18, 19) in young SHRs. However, studies involving adult SHRs report an increased Th activity when compared with age-and sex-matched controls (15, 20) . Dopamine betahydroxylase (Dbh), phenylethanolamine N-methyltransferase (Pnmt) and dopa decarboxylase (Ddc) activities were decreased (15, 21) or increased (9, 22) in the young SHRs, but unchanged in the adult SHRs (9, 15) . Because of the apparent correlation of enzyme activities of Th, Dbh and Pnmt, some authors suggested that these genes may be co-regulated by a single locus (23) .
In order to characterize the effect of genetic variation on catecholamine physiology, we integrated gene expression profiling and biochemical phenotyping with linkage mapping. We used the HXB/BXH panel of recombinant inbred (RI) strains, derived from SHRs and the normotensive BN.Lx inbred progenitor strains (24) , and used widely for genetic dissection of phenotypes segregating in this panel. Young (6-week-old) males were used for all experiments to avoid confounding the results by the consequences of fully developed hypertension or by the effects of female sex hormones. We first quantified the variability across 29 RI strains and the two progenitor strains of transcript levels of chromaffin cell-expressed genes that are responsible for crucial aspects of catecholamine biology. We then collected biochemical phenotypes reflecting the protein products (i.e. enzymes) of these genes, as well as the intermediates synthesized by them. Subsequently, linkage mapping was performed for both sets of phenotypes (i.e. transcript levels and biochemical traits). Quantitative trait loci (QTLs) were detected, which suggested a regulatory network of cis-and trans-acting loci. Positional candidates from QTL regions were re-sequenced in the progenitor strains to discover specific DNA sequence variants that were subsequently tested for their functional significance by transfection. Correlation of key catecholamine biosynthetic enzymes with systolic blood pressure and heart rate was established.
RESULTS

mRNA expression differences in hypertension pathway genes
A total of 211 adrenal gene expression profiles of hypertension candidate genes from Affymetrix RAE230A were examined for heritable differences in transcript levels in the RI strains (see Supplementary Material, Fig. S1 ). Candidate genes were grouped according to their function and/or pathway to which they belong. For each expressed gene, heritability (H 2 ), normalized ratio (NR) and t-test P-values were calculated. One hundred and twenty-five hypertension candidate genes were found expressed in the adrenal data set, with 64 of those exhibiting heritable gene expression at H 2 ≥ 20%. Catecholaminergic genes stood out as the most represented group with 13 out of the 64 heritable transcripts (see Fig. 1 ). Some of them exhibited significant progenitor differences (six genes), and those were uniformly in the direction of underexpression in the SHR. Gene expression levels for all four catecholamine biosynthetic enzymes-Th, Ddc, Dbh and Pnmt-were highly heritable (H 2 ≥ 60% for Ddc, Dbh and Pnmt, H 2 50% for Th) and, with the exception of Pnmt, also significantly underexpressed in the SHR. Other significantly SHR-underexpressed genes with heritable transcripts included vesicle-associated membrane protein 1 (Vamp1), neuropeptide Y (Npy) and catechol-O-methyltransferase (Comt). Gene transcript levels for catecholamine biosynthetic enzymes (Th, Ddc, Dbh, Pnmt) and granins (Chga, Chgb, Scg2) from the microarray data were validated by quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) in tissues from a separate harvesting of age-and sex-matched progenitors (see Supplementary Material, Fig. S2 ). Significant differences were confirmed for Th, Ddc and Dbh gene expression, with all three genes showing underexpression in SHRs compared with BN.Lx.
Enzymatic activity of Dbh and Pnmt in adrenal medulla
To explore whether differences in mRNA levels across the RI panel translate into differences in enzyme activities, Dbh and Pnmt were assayed in adrenal gland homogenate. Compared with the BN.Lx, the activity of both enzymes was significantly decreased in the SHR. Dbh exhibited nearly a 2-fold decrease (NR ¼ 21.8, P ¼ 0.001), with H 2 ¼ 46% in the RI strains. Pnmt enzyme activity showed a smaller (NR ¼ 21.3), but significant (P ¼ 0.001), decrease in the SHR, with H 2 ¼ 34%.
Adrenal catecholamine content
Dbh and Pnmt are involved in the two final steps of catecholamine biosynthesis in the chromaffin cell. In order to investigate the effect of Dbh and Pnmt activity changes on catecholamine concentrations, their respective substrates and products, i.e. dopamine (DA), norepinephrine (NE) and epinephrine (EPI), were measured in adrenal tissue of the RI strains and their progenitors. SHR DA content was significantly increased (NR ¼ 1.4, P ¼ 0.048), whereas NE was significantly decreased (NR ¼ 21.4, P ¼ 0.002), when compared with the BN.Lx. EPI content did not show differences between the parental strains. Adrenal DA demonstrates much higher heritability (H 2 ¼ 63%) then NE, or EPI (H 2 ¼ 35% and H 2 ¼ 36%, respectively). Corticosterone is known to stimulate the gene expression of Pnmt, and to a lesser degree Dbh as well. Adrenal tissue corticosterone content was significantly different between the progenitors, with NR ¼ 1.9 and P ¼ 0.024 (Table 1) . The H 2 of adrenal corticosterone content in the RI strains was 15%. The results are summarized in Table 1 . In sympathetic nerve (vas deferens), norepinephrine and dopamine displayed parental strain patterns similar to the adrenal results: with norepinephrine lower in SHR than BN.Lx (6.28 + 0.41 versus 8.50 + 1.84 ng/mg, NR ¼ 21.4, P ¼ 0.033), but dopamine higher in SHR than BN.Lx (0.21 + 0.02 versus 0.09 + 0.01 ng/mg, NR ¼ 2.3, P ¼ 0.001).
Correlations among biochemical, physiological and gene expression phenotypes
To examine the extent to which biochemical phenotypes, transcript levels and cardiovascular physiological phenotypes are codetermined in the RI panel, Spearman's rank correlations were performed. The results can be found in Supplementary Material, Table S1 . Adrenal DA, NE and EPI were significantly correlated across the RI panel. Adrenal DA content was negatively correlated (r ¼ 20.408, P ¼ 0.031) with adrenal Dbh activity. Adrenal EPI correlated positively with adrenal Pnmt (r ¼ 0.429, P ¼ 0.023). Dbh transcript abundance (probe set ID 1370564_at) was significantly positively (r ¼ 0.570, P ¼ 0.002) correlated with the adrenal Dbh enzyme activity. There was also a significant negative (r ¼ 20.551, P ¼ 0.002) correlation between Dbh transcript abundance and adrenal tissue DA concentration. Pnmt transcript abundance (probe set ID, 1371054_at) correlated positively (r ¼ 0.436, P ¼ 0.02) with adrenal Pnmt enzyme activity. Cardiovascular phenotypes were measured in the RI strains at age 12 weeks using telemetry. Dbh enzymatic activity was negatively correlated with systolic blood pressure (r ¼ 20.476, P ¼ 0.01). Pnmt enzyme activity was negatively correlated with heart rate (r ¼ 20.383, P ¼ 0.044), as was adrenal EPI (r ¼ 20.550, P ¼ 0.002) and DA (r ¼ 20.382, P ¼ 0.045).
Mapping QTLs for chromaffin cell-expressed genes
Gene transcripts (obtained from microarrays) of chromaffin cell-expressed genes with heritable transcript level variation were treated as quantitative traits and subjected to expression quantitative trait locus (eQTL) mapping. The results are summarized in Table 2 . There were a total of six significant (including marginally significant) eQTLs (bolded P-values in Table 2 ). Uniformly, for each of these QTLs, the SHR allele at the eQTL peak locus was associated with a decrease in transcript level. Cis-and trans-eQTLs were determined by examining the relative position of a gene and its associated eQTL. Cis-eQTLs were mapped for Dbh, Pnmt and Vamp1, whereas trans-eQTLs were detected for Ddc, Vmat1 Chga transcripts. Chromaffin cell genes involved in catecholamine biosynthesis, storage, secretion and degradation. Depicted are important chromaffin cell-expressed genes and functional relationships between them. Two different parameters are color coded: the heritability (H 2 ) of transcript abundance as computed from the RI panel and the normalized ratio (NR) for differences between the progenitors (on the left and right side of each box, respectively). The red curved arrow represents the catecholamine biosynthetic pathway, with the intermediates also in red. The blue curved arrows represent the detected gene regulatory networks from eQTL analysis, pointing from the regulator to the regulated gene.
The Vamp1 cis-eQTL mapped to chromosome 4 at 152 -173 Mbp (95% CI), with a peak LOD ¼ 3.50 and P ¼ 0.072, explaining 43% of the transcript abundance variability. Ddc trans-eQTL mapped to chromosome 14 at 30-68 Mbp (95% CI), with a peak LOD ¼ 3.43 and P ¼ 0.040, explaining 42% of the transcript abundance variability.
Results of integrative analysis of transcript abundance and biochemical parameters for Dbh and Pnmt are described in the following two subheadings. Vmat1 and Chga trans-eQTLs co-localized with Pnmt cis-eQTL and are described together with Pnmt.
QTLs for adrenal Dbh transcript, Dbh activity and DA concentration cluster on chromosome 3p12
A Dbh cis-eQTL mapped to chromosome 3 at 1-14 Mbp (95% CI), with a peak LOD ¼ 5.58 and P ¼ 0.0061, explaining 60% of the Dbh transcript variability (see Fig. 2A , red curve). Dbh enzyme activity in adrenal tissue mapped to chromosome 3 at 1-12 Mbp (95% CI), LOD ¼ 4.73 and P ¼ 0.0031 (see Fig. 2A , blue curve). The QTL explains 54% of the variability in Dbh enzyme activity (see Fig. 2B , blue curve). The SHR allele at the peak locus was associated with a decrease in phenotypic value for Dbh transcript as well as Dbh enzyme activity. Adrenal DA concentration mapped to chromosome 3 at 2-14 Mbp (95% CI), with a peak LOD ¼ 4.26 and P ¼ 0.0354 (see Fig. 2A , green curve). The QTL explains 50% of adrenal DA concentration variability and the SHR allele at the peak locus was associated with an increase in adrenal DA (see Fig. 2B , green curve). It is important to note that the QTL confidence intervals for adrenal DA, Dbh activity and Dbh transcript are nearly identical, and contain the Dbh gene (see Fig. 2A and C) .
Regulation of Pnmt, Chga and Vmat1 from the Pnmt locus on chromosome 10q31
The Pnmt cis-eQTL is located on chromosome 10 at 81-101 Mbp (95% CI), with a peak LOD ¼ 2.95, P ¼ 0.049, and explains 36% of the Pnmt transcript variability (see Fig. 3A , red curve). Pnmt enzyme activity also demonstrated linkage to chromosome 10 at 81-102 Mbp (95% CI), with a peak LOD ¼ 3.97 and P ¼ 0.003 (see Fig. 3A , blue curve). The QTL explains 48% of Pnmt enzyme activity variability. For both the Pnmt transcript abundance and the Pnmt enzyme activity, the SHR allele at the peak locus was associated with a decrease in trait value. Because of the bimodal distribution of the LOD scores (most likely due to linkage disequilibrium within RNO 10), bootstrap tests were also performed. The results suggested that the evidence for linkage was most pronounced in the more telomeric peak, which we therefore regarded as the most likely position for the QTL. The 95% CI for these LOD peaks contain the Pnmt promoter SNP T-529C (see Fig. 3A and B). Both Vmat1 and Chga expression profiles mapped to the Pnmt region (see Fig. 3A ). Vmat1 transeQTL mapped to chromosome 10 at 82-101 Mbp (95% CI), with a peak LOD ¼ 3.33, P ¼ 0.041, and with 43% of transcript variability attributable to the eQTL. Chga trans-eQTL mapped to chromosome 10 at 80-104 Mbp (95% CI), with a peak LOD ¼ 3.50 and P ¼ 0.093, explaining 35% of the transcript abundance variability. Importantly, this confidence interval contains the Pnmt gene, marked by the promoter SNP T-529C, and is nearly identical with the confidence intervals for Pnmt, Vmat1 and Chga eQTLs reported above. The SHR allele at the peak locus was associated with a decrease in transcript levels for both Vmat1 and Chga.
Polymorphism discovery in the Dbh and the Pnmt genes
Systematic discovery of sequence polymorphism in Dbh and Pnmt between SHR and BN.Lx strains by re-sequencing yielded several single-nucleotide polymorphisms (SNPs) and one insertion/deletion (in/del). The results are described below. Numbers refer to the basepair distance from the CAP site; nucleotide change is given as BN.Lx SHR. Re-sequencing in the Dbh gene (see Supplementary Material, Fig. S3 ) revealed eight variants, all of them SNPs: three in the promoter region (T-892G, T-885C and T-551G), four in the intronic regions (G2354A, T2513G, G4258T and A15184G), and one located downstream of the 3 ′ -UTR (G18530A). Re-sequencing in the Pnmt gene (see Supplementary Material, Fig. S4 ) showed seven variants: four SNPs (T-529C, T-404C, C-396T and C-351T) and one in/del (-457 A/-) in the promoter region, one SNP in exon 1 (A209G, synonymous at codon 63, Ala63Ala) and one SNP in exon 3 (T1475C, coding for a non-synonymous amino acid change Val285Ala). Non-coding SNPs were located outside the highly conserved regions across species http:// genome.ucsc.edu. The non-synonymous coding SNP T1475C identified in Pnmt, exon 3, alters the enzyme's last amino acid HXB/BXH RI strains and the progenitor strains, SHR and BN.Lx, were typed for catecholaminergic biochemical parameters in the adrenal gland. The table shows progenitor strain means + SD, t-test P-value for progenitor strain differences, normalized ratio (NR) to indicate the direction of the progenitor strain difference, and heritability (H 2 ) calculated from RI strain data. Biochemical parameters were normalized to milligram adrenal weight. No significant differences in the mean adrenal gland weight (maw) were observed between the progenitor strains, with maw SHR ¼ 16.0 + 3.0 mg, maw BN.Lx ¼ 13.5 + 1.9 mg and t-test P ¼ 0.18. DA, dopamine; NE, norepinephrine; EPI, epinephrine; Cort, corticosterone.
from Val to Ala; however, this substitution is outside the catalytic domain and is thus likely to be neutral (25) . 
In vitro studies on
Analysis of QTLs previously mapped to genomic regions supporting the Dbh and Pnmt QTLs
To explore the extent to which cardiovascular phenotypes studied by others are linked to chromosomal regions delimited by the 95% confidence intervals for the Dbh and Pnmt QTLs reported here, the Rat Genome Database http://rgd.mcw.edu was searched. The results of this analysis are summarized in Supplementary Material, Table S2 for Dbh, and in Supplementary Material, Table S3 for Pnmt. In the Dbh region, a total of 17 QTLs overlap wholly, or in part, with the interval spanning 1-14 Mbp, which corresponds to the conflated 95% CIs for the three QTLs on chromosome 3 (see Fig. 2D ). There are 14 cardiovascular QTLs (eight blood pressure, four cardiac mass, one heart rate, one for aerobic running capacity), 2 for alcohol consumption and 1 for body weight. QTL symbols, progenitor strains of the populations in which QTLs were mapped, genomic positions, LOD scores and/or P-values are detailed in Supplementary Material, Table S2. In the Pnmt region, a total of 27 QTLs overlap wholly, or in part, with the interval 81-104 Mbp corresponding to the conflated 95% CIs for the four QTLs on chromosome 10 (see Fig. 3C ). There are 20 blood pressure QTLs, 4 cardiac mass QTLs, 2 stress response QTLs and 1 heart rate QTL. QTL symbols, progenitor strains of the mapping populations, genomic positions, LOD scores and/or P-values are detailed in Supplementary Material, Table S3 .
DISCUSSION
We have taken an integrative approach to the hereditary basis of complex traits, utilizing both gene expression and proteinlevel phenotypes to identify sequence variations that influence catecholamine biosynthesis and storage. Our study focused on heritable gene expression and biochemical traits of the sympathoadrenal system that may shed light on the genetic basis of cardiovascular pathology observed in the SHR. We utilized the HXB/BXH RI population to follow the segregation of these traits among strains of varying genetic makeup. The genetic determinants of regulatory networks in the chromaffin cell of the adrenal medulla were examined by linkage analysis. Through integration of gene expression profiling, biochemical phenotyping and quantitative trait locus mapping, cis-acting regulatory mechanisms were identified for the Dbh, Pnmt and Vamp1 genes (see Fig. 1 ). Analysis of tissue catecholamine concentrations and enzyme activities corroborated these findings for Dbh and Pnmt and provided a more complete picture of relevant regulatory networks and the interplay between various genes involved in catecholamine Genes with heritable transcripts (see Fig. 1 , coded yellow/orange) were included. Results for each transcript consist of LOD-peak position, eQTL type, LOD score and P-value. For the significant-including marginally significant-eQTLs (bolded P-values), the proportion of the variance in transcript level attributable to the eQTL is also given. The last column indicates chromaffin cell-expressed genes within the 95% CI of the mapped eQTLs. Probe ID, affymetrix RAE 230A probe set ID; eQTL, expression QTL; H 2 ¼ heritability calculated in the HXB/BXH RI strains; LOD, logarithm of odds; 95% CI, 95% confidence interval for eQTL position.
biosynthesis. Genetic variants were discovered in Dbh and Pnmt, which were subsequently tested in vitro for functional effects. The Pnmt locus also appeared to trans-regulate two additional genes, Chga and Vmat1, both being functionally linked with Pnmt.
Vamp1 is a small integral membrane protein of the SNARE class within secretory granules that plays a key role in membrane fusion and exocytosis (26) . The cis-mediated decrease in Vamp1 expression described here is likely to result in changes in catecholamine secretion rate. To establish such effect, precise measurement of blood catecholamines would be required. In this study, we did not pursue this line of research. However, it is important to note that a decrease in Vamp1 transcript was associated with the SHR allele-a common observation in other findings reported here.
Dbh regulation and dopamine concentration in the adrenal gland
Dbh transcript levels positively correlated with Dbh tissue activity, suggesting that the source of the observed biochemical trait variation lies with differences in gene expression/mRNA stability, rather than enzyme structure. QTL analysis of both gene expression and biochemical data yielded highly significant, overlapping QTLs centered on the Dbh gene on chr 3 at 6 Mbp, implying that the differential gene expression is regulated in cis (see Fig. 2 ). The SHR allele was associated with a lower value for both of these traits, accompanied by an increase in DA, which is a substrate for Dbh. Viewed from a pathway perspective, increased DA can result either from an increase in quantity or turnover of the upstream enzymes (Th, Ddc), or from a decrease in quantity or turnover of the downstream enzymes (Dbh, Pnmt). Because DA concentration was negatively correlated with Dbh tissue activity, as well as with Dbh mRNA levels, the most parsimonious explanation of these findings is that decreased Dbh gene expression leads to decreased enzyme level, which in turn results in DA accumulation in the adrenal tissue of the SHR. This is further supported by a QTL for DA tissue concentration mapping to precisely the same region as the Dbh QTLs, but with an opposite allelic association. Furthermore, in the adrenals of the SHR, the Dbh transcript abundance shows the lowest levels (by RT -PCR) of all Table S2 online, where details for each QTL can be found.
catecholamine biosynthetic enzymes-about half the value for Th that is traditionally considered the rate-limiting step in catecholamine biosynthesis. In contrast, the Dbh and Th levels are comparable in BN.Lx (see Supplementary Material, Fig. S2 ).
We therefore propose that lower Dbh in the young SHR presents a 'bottleneck' in catecholamine biosynthesis, leading to DA accumulation (and catecholamine depletion) in adrenergic cells, which then contributes to the pathogenesis of hypertension. Consistent with this notion, adrenal Dbh activity and SBP correlate negatively in the RI strains. Even though re-sequencing (see Supplementary Material, Fig. S3 ) and subsequent functional in vitro testing of discovered Dbh SNPs did not lead to identification of a causative sequence variant (see Supplementary Material, Fig. S5 ), the evidence for Dbh region involvement in the adrenal tissue Dbh enzyme activity, and the resulting DA concentration changes, is strong. In addition, the Dbh region is enriched in cardiovascular QTLs mapped in various crosses by multiple groups (see Fig. 2D , Supplementary Material, Table S2 ), suggesting the presence of an as-yet-to-be-identified important cardiovascular regulatory variant in this immediate region.
A strong cis-eQTL is likely to operate in all tissues where the gene is expressed (27) . This viewpoint is supported by the findings by others of low Dbh activity in young SHR not only in adrenal glands, but also in heart ventricle and spleen (28) , as well as in the brain (29) . Low Dbh activity seems to lead to increased DA, accompanied by decreased NE. Increased brain DA was indeed described in young SHR (30) . Dopamine systems in the brain are known to be involved in central blood pressure control and in integrating limbic information with cardiovascular homeostasis (31) . Stimulation of the region of origin of the mesolimbic dopamine system in the brain, the ventral tegmental area, causes a long-lasting increase in blood pressure (32) . Therefore, an increase in central DA may contribute to the development of hypertension. However, the other consequence of low central Dbh activity, i.e. the decrease in NE, can by itself contribute to a rise in blood pressure. NE has an inhibitory effect in the nucleus tractus solitarius on blood pressure elevation (33), Table S3 online, where details can be found. and diminished central norepinephrine concentrations have been reported in the SHR (34); thus a decrease in NE may be involved in the development and progression of hypertension in the SHR. Decreased noradrenergic activity of sympathoinhibitory neurons in the anterior hypothalamus may also contribute to exacerbation of hypertension in the SHR (35) .
Borderline hypertensive humans, in concordance with our rat data, appear to be characterized by increased DA coupled with Dbh suppression (36, 37) . Thus, genetically determined variation in Dbh activity, ultimately influenced by a promoter (enhancer) variant, may affect the DA/NE ratio in various tissues, including the basal ganglia, where such changes may have effects on central blood pressure regulation. Indeed, naturally occurring genetic variation at the human DBH locus can have profound effects upon blood pressure (38) .
Regulation of Pnmt activity and gene expression: Chga and Vmat1 co-regulation
The neurotransmitter and hormone EPI is a physiologically active neuroregulator that assumes an important role in the stress response and is a major factor in the pathogenesis of cardiovascular and neuropsychiatric illnesses (39) . The mechanisms by which Pnmt, the biosynthetic enzyme of EPI, is genetically regulated have been of interest in an effort to better understand the pathogenesis of these disorders. The general Pnmt region on rat chromosome 10 harbors many cardiovascular QTLs, implying the involvement of the region in blood pressure control (see Fig. 3C ). In addition, significant difference in allelic frequencies of PNMT promoter SNPs were described between hypertensive and normotensive individuals, suggesting that genetic variation at the PNMT locus may play a role in the development of human essential hypertension (40, 41) .
Pnmt was previously examined as a hypertension candidate gene in the rat (42) , but no polymorphisms were discovered between SHRSP and WKY in the Pnmt coding region. In the present study, we searched for polymorphisms between SHR and BN.Lx strains on the grounds of the observed differences in gene expression levels and enzyme activity, which mapped in cis (see Fig. 3 ), thus implying a causative variant in (or close to) the Pnmt genic region. Positive correlation of Pnmt gene expression levels with Pnmt enzyme activity, the discovery of SNP polymorphisms in the promoter and the lack of functionally significant polymorphism in the coding regions is consistent with the changes in quantity, rather than quality of the enzyme and point in toward differences in transcriptional regulation. This is further supported by the discovery that promoter SNPs caused differential gene expression in response to glucocorticoid (dexamethasone) stimulation in vitro (see Fig. 4 ). Glucocorticoids are the main regulators of Pnmt expression in vivo (43) . The intra-adrenal portal vascular system provides the medulla with uniquely high concentrations of glucocorticoids, which are needed to induce Pnmt expression resulting in EPI synthesis (44) . Despite the significant differences in Pnmt activity between the parental strains, we did not detect difference in the Pnmt transcript levels between the two parental strains in this study. However, there are clear cis-acting Pnmt transcript level-influencing allelic effects that segregate in the RI strains, as demonstrated by the significant cis-eQTL. Variation at the Pnmt locus is therefore likely to be functionally significant for determination of both Pnmt transcription and Pnmt enzymatic activity in the SHR.
The mechanism by which a decrease in Pnmt contributes to hypertension is illuminated by EPI-deficient, Pnmt knock-out mice (45) , which become hypertensive under stress, possibly due to decreased central activity of vasodepressor adrenergic neurons of the brainstem, coupled with diminished peripheral (EPI-mediated) vasodilatation. In the present study, we did not find a significant correlation between Pnmt activity and blood pressure; however, adrenal Pnmt and its product EPI correlated negatively with heart rate. An integrative finding of our study is mapping of transeQTLs for Chga and Vmat1 to the Pnmt region. Chga is crucial for the formation of secretory granules, within which it stabilizes catecholamines in a storage complex (46) . Vmat1 function (47) involves transporting DA into the secretory granule for hydroxylation by Dbh to form NE, which is then transported by Vmat1 out of the granule for methylation by Pnmt to form EPI, which is finally transported-again by Vmat1-into the granule for storage, where it is stabilized by Chga (see Fig. 1 ). Chga also participates in autonomic control of blood pressure though its fragment catestatin, which causes inhibition of cholinergic-stimulated catecholamine release. Chga knock-out results in hypertension in the mouse (48) , which is consistent with our results showing low adrenal Chga expression associated with the SHR allele. Vmat1 has not so far been implicated in hypertension but was found associated with neuropsychiatric diseases (49, 50) .
Given the functional coupling of these three genes, it is plausible to put forward a hypothesis that Pnmt, Chga and Vmat1 expression are regulated jointly by a variant within the Pnmt locus which thereby controls the formation of EPI. Our eQTL mapping results implicate the Pnmt genomic region as being central to this proposed co-regulation. Mapping the gene expression levels of Pnmt, Chga and Vmat1 to the same locus (see Fig. 3 ), as well as the uniform association of low gene expression with the SHR allele for all three genes seems to corroborate such co-regulation. However, despite mapping in cis to the Pnmt gene, transcontrol of Pnmt expression itself from such a joint regulatory locus should also be considered when searching for the molecular mechanisms underlying the QTL co-localization at hand (see Fig. 3 ).
Conclusions and perspectives
We present evidence for simultaneous down-regulation of the transcription of five genes in the catecholamine biosynthetic pathway in the SHR. Decreased levels of catecholamine biosynthetic genes in the SHR have been described before (15) . The novelty of our study lies in the examination of the genetic basis of gene expression differences of these genes in the HXB/BXH RI strains and finding simultaneous downregulation of several key genes in the young SHR. Furthermore, we established that such down-regulations are heritable traits and that decreases in transcript levels are associated with the SHR genotype in each case. We also measured activities of Dbh and Pnmt and found that enzyme activity mirrored gene expression in that they were regulated in cis, implying primary, genetically regulated changes in expression of these genes between SHR and BN.Lx. Because the tissues for microarray analysis came from different animals from the tissues for biochemistries and RT -PCR, the finding of co-localized expression and biochemical QTLs for Dbh and Pnmt can be regarded as a confirmation of the genetic underpinnings of these traits. Furthermore, the finding of differential gene expression for Dbh, Pnmt and Vamp1 in young SHR supports control by inherited variants in the genic regions, rather then gene suppression in response to long-standing blood pressure increase. The down-regulation of these genes is therefore temporally independent of the development of hypertension, and may contribute to the pathogenesis of blood pressure elevation, possibly in part via central mechanisms, since catecholamines exert central vasodepressor actions in the brain stem (33, 35) . These results suggest new approaches to characterizing the role of the sympathochromaffin system in essential hypertension.
MATERIALS AND METHODS
Animals
HXB/BXH RI rat strains were produced by inbreeding between F2 generation males and females resulting from a sex-reciprocal cross of two highly inbred strains: BN.Lx (BN.Lx/Cub) and SHR (SHR/Ola) (24, 51) . In this study, we used 29 RI strains (HXB and BXH) at F 60 . Animals were housed in an air-conditioned animal facility and allowed free access to standard laboratory chow and water. All experiments were done in agreement with the Animal Protection Law of the Czech Republic (311/1997) and were approved by the Ethics Committee of the Institute of Physiology, Czech Academy of Sciences, Prague. Males were killed by cervical dislocation at 6 weeks of age. At this age the blood pressure is still normal, thus increasing the likelihood of separating the causative pathogenetic mechanisms from the consequential effects of fully developed hypertension.
Tissues for gene expression profiling, biochemical profiling and qRT-PCR validation
The animal materials originated from two separate tissue harvests: (i) adrenal glands harvested for global gene expression profiling and (ii) adrenal glands and post-ganglionic sympathetic nerve termini (from vas deferens) harvested for biochemical phenotyping and RT -PCR verification of gene expression profiling data. Both sets consisted of tissue harvested from the same HXB/BXH RI strains, but on two separate occasions, and thus from different individual members of the respective RI strains. The sets were similar in size: 29 RI strains, 2 progenitor strains, and 4 -6 individuals per strain.
Gene expression profiling
RI strains were profiled for gene expression in adrenal tissue using the Affymetrix Gene Chip array RAE 230A (Affymetrix, Santa Clara, CA, USA). The original experimental design is discussed by Hubner et al. (52) . The adrenal dataset has been submitted to ArrayExpress.
Biochemical profiling
Adrenal glands and sympathetic nerve termini (male vas deferens) were harvested, immediately frozen and stored at 2808C. From each pair of adrenal glands per harvested animal, one adrenal was used for biochemical phenotyping and the other was used to extract mRNA for RT-PCR validation of microarray data. Tissues for biochemical phenotyping were homogenized in 1.9 ml of 10 mM MES buffer (pH ¼ 6.0), using a Tissuemizer (Tekmar, Cincinnati, OH, USA). Frozen tissues were placed into pre-cooled (48C) buffer, homogenized, spun at 13 000 G for 1 min to clear debris, the supernatants divided into aliquots and placed immediately on dry ice to freeze. Aliquots were stored at 2808C. The following analyses were performed in aliquots of tissue homogenates: Dbh spectrophotometric enzymatic activity assay (53), Pnmt enzymatic activity assay (54), radioenzymatic catecholamine assay based on O-methylation (55,56), corticosterone assay (competitive immunoassay, Assay Designs, Inc., Ann Arbor, MI, USA); in plasma, catecholamines (dopamine, norepinephrine, epinephrine) were measured by radioenzymatic assay based on O-methylation (55, 56) . The results were normalized to milligram tissue wet weight. To explore whether differences in mRNA levels across the RI panel translate into differences in enzyme activities, Dbh and Pnmt were assayed in adrenal gland homogenate and normalized to milligram adrenal weight; no significant differences in the mean adrenal gland weight (maw) were observed between the progenitor strains, with maw SHR ¼ 16.0 + 3.0 mg, and maw BN.Lx ¼ 13.5 + 1.9 mg, and t-test P ¼ 0.18.
Validation of microarray data by qRT -PCR
Total RNA was prepared from the freshly frozen adrenal glands of the progenitor strains (median yield: 55 mg/one adrenal gland). RNA was extracted by the RNAzol (guanidinium thiocyanate) method (TelTest, Friendswood, TX, USA), followed by RNAse-free DNAseI (Qiagen, Valencia, CA, USA) treatment (to eliminate residual genomic DNA). Integrity of the RNA was confirmed by the appearance of 28S and 18S rRNA bands on ethidium bromide-stained gels. Total RNA was quantitated using a Ribogreen Quantitation kit (Molecular Probes, Invitrogen). First-strand cDNA was prepared from 1 mg of total RNA template by reverse transcription with the 'SuperScript TM first-strand synthesis system for RT-PCR', using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA), and random hexamer primers. Samples were randomized. RT -PCR was performed using real-time TaqMan technology with a Sequence Detection System, model 7700 (Perkin Elmer) and fluorescent plate reader, using the Amplifluor TM universal detection system (Serologicals Corporation; Norcross, GA). Quantitative RT-PCR primers for Th, Ddc, Dbh and Pnmt were designed using Primer Express V.2.0 (PE Applied Biosystems, Foster City, CA, USA). For primer detail, see Supplementary Material, Table S4 . Normalization was performed by quantitating the endogenous 18S rRNA and transcript abundance expressed as fold modulation over 18S rRNA.
Pathway annotation
Pathways, in which the differentially expressed genes are involved, were identified using Kyoto Encyclopedia of Genes and Genomes (KEGG, www.genome.jp/kegg) and annotated with Gene Map Annotator and Pathway Profiler (GenMAPP 2.1, www.genmapp.org) (57) .
Blood pressure measurement
Arterial blood pressure and heart rate were measured using radiotelemetry in 12-week-old unanesthetized, unrestrained males from the progenitor SHR and BN.Lx strains as well as from RI strains (N ¼ 6 -8 males per strain). All rats were allowed to recover for at least 7 days after surgical implantation of radiotelemetry transducers (Data Sciences International, Inc.) before the start of blood pressure recordings. Pulsatile pressures were recorded in 5 s bursts every 10 min throughout the day and night and 12 and 24 h averages for systolic and diastolic arterial blood pressures were calculated for each rat for a 1 week period. The results from each rat in the same group were then averaged to obtain the group means.
Statistical analysis and heritability (H 2 ) calculation
Phenotype data were checked for outliers, using a method described by Grubbs (58) , and optimized for three to seven observations, corresponding to the number of individual rats within each strain. Manifest outliers were removed. Data from all 150 samples were grouped according to strain resulting in 31 groups (29 RI strains + 2 progenitors). T-tests were performed to detect significant differences between the progenitor strains. H 2 for gene expression profiles and biochemical phenotypes was calculated using a technique that has been designed for use in RI strains that corrects for the inbreeding incurred during the RI strain production (59). Pearson's product -moment correlation and Spearman's rank correlation coefficients were computed to assess the degree of correlation among phenotypes. 
QTL analysis
A new SNP genotype-based linkage map (60) of the HXB/ BXH RI set was employed to perform genome-wide scans to detect QTLs for measured biochemical phenotypes using QTL Cartographer (61) and Map Manager QTX (62) , and to detect expression QTLs using QTL Reaper (63) software packages. Permutation analysis (64) was carried out to assess the probabilistic significance of the linkages and to correct for multiple testing across genetic markers to obtain a genome-wide corrected P-value. To estimate the size of the chromosomal segment that, with a 95% confidence, contains detected QTLs (95% CI), two complementary strategies were implemented: the 2-LOD support interval method (65) and the bootstrap test (66) . The bootstrap test estimates a confidence interval by creating multiple bootstrap data sets by randomly choosing strains with replacement from the original RI set; each bootstrap data set is then used for QTL mapping, and the location of the strongest QTL for each set is recorded. Here, 200 bootstrap data sets per phenotype were used. These locations are summarized in a histogram that shows the size of the region in which the QTL would be expected to be found.
Definition of cis-and trans-acting eQTLs
Cis-eQTLs were defined as eQTLs that map within 10 Mbp upstream or downstream of the physical location of the probe set on the genomic sequence (20 Mbp total window size). All eQTLs that fell outside of this window were by default classified as trans. Physical locations of probe sets were downloaded from the UCSC Genome Browser website http://genome.ucsc.edu.
Polymorphism discovery at the Pnmt and Dbh genes in the SHR and Bn.Lx strains
The progenitors of the HXB/BXH RI strains, the Brown Norway rat (BN.Lx/Cub) and the Spontaneously Hypertensive Rat (SHR/Ola) were used. Liver was collected from one male per each strain at 6 weeks of age. Progenitor strain DNA was extracted from liver tissue, using the DNeasy Blood & Tissue Kit (Qiagen) and adhering to the manufacturer's protocol. To eliminate residual RNA, samples were treated with RNase A (Qiagen). Primer3 (67) web-based application was used to design PCR primers for amplification of 800 bp-long overlapping segments, spanning all exons, exon/intron borders, 1.75 kb of proximal promoter and 1.75 kb of the 3 ′ [downstream] sequence of the Dbh gene. However, in the case of Pnmt, the extent of re-sequencing was limited by the extent of known genomic sequence (gb: X75333.1; gi: 414186) in this locus, resulting in only 1000 bp upstream and 100 bp downstream segments were re-sequenced. Initial amplification to enhance the target sequences was carried out in 25 ml PCR containing 25 ng genomic DNA, 2 mM MgCl 2 , 10 mM Tris -HCl, 200 mM dNTP, 0.5 U Amplitaq Gold DNA Polymerase (PE Applied Biosystems) and 50 pmol of each primer. PCR was performed by Peltier Tetrad Thermal Cycler (MJ Research, Watertown, MA, USA). The Touchdown Profile program (MJ Research) was used, which begins at annealing temperatures of 668C and runs down to 508C at 18C/cycle for the first 16 PCR cycles, followed by a uniform three-step amplification profile (948C denaturing step for 30 s, 508C annealing step for 30 s, 728C extension step for 30 s) for another 24 cycles, finally holding at 108C. Enzymatic purification (Exo-SAP) was then pursued using Exonuclease I (Fermentas, Inc., ON, Canada) and Shrimp Alkaline Phosphatase (Fermentas, Inc.). Fifteen microliters of each PCR product were mixed with 0.225 ml of Exonuclease I (20 U/ml), 1.2 ml of SAP (1 U/ml) and 4.35 ml of water. The Exo-SAP program (MJ Research) was used, which runs at 378C for 30 min, followed by 15 min at 858C. The cycle-sequencing reaction was performed following the Big Dye Terminator Version 3.1 (PE Applied Biosystems) protocol on 2.5 ml of the template (Exo-SAP product), using either the forward or the reverse primer for the Big Dye amplification origin. The cycle-sequencing reaction was subsequently performed with both primers to achieve better coverage. The cycle-sequencing reaction program begun at 968C for 1 min., followed by a uniform three-step amplification profile (968C denaturing step for 10 s, 508C annealing step for 5 s, 608C extension step for 4 min) for another 29 cycles, holding at 48C. Finally, the product of the cyclesequencing reaction was purified on soaked Sephadex G50-50 beads (Sigma-Aldrich, St. Louis, MO, USA), and placed in multiscreen filtration plates (Fisher Scientific, Pittsburgh, PA, USA). After spinning into clean plates, loading dye was added and samples were then loaded into an ABI PRISM 3100 capillary DNA Analyzer (PE Applied Biosystems) according to the manufacturer's instructions.
Pyrosequencing
Single-nucleotide polymorphisms at Dbh T-550G and Pnmt T-529C were scored using Pyrosequencing (Biotage, Charlottesville, VA, USA), performed according to the described protocol (68) . Primers were designed using the PSQ Assay Design software (Biotage) and ordered from Sigma-Proligo (http:// www.proligo.com). A PCR product from each sample was generated in a 10 ml reaction containing 1× AmpliTaq Gold Master Mix, 2 U of AmpliTaq Gold (Applied Biosystems), 250 mM dNTPs, 0.25 mM forward primer, 0.25 mM reverse primer and 5 ml of bisulphite-modified sample DNA. The amplifications were carried out at 958C for 10 min, followed by a six-cycle touchdown PCR protocol of 958C for 1 min, 638C for 1 min with 218C for each cycle to 588C, and 728C for 1 min. This was followed by 44 cycles at 958C for 1 min, 608C for 1 min, 728C for 1 min and a 10 min extension at 728C. Single-stranded DNA of 10 ml of each PCR sample was generated following the PSQ 96 sample preparation guide using a vacuum filtration sample device following the manufacturer's instructions (Biotage). The single-stranded product was annealed to 0.4 mM of the sequencing primer placed at 858C for 2 min and cooled to room temperature for 5 min. Pyrosequencing was performed on a PSQ96 HS 96A system (Biotage) with the Pyro Gold Reagent kit (Biotage) according to the manufacturer's instructions.
Sequence analysis
Output data from the ABI PRISM 3100 DNA Analyzer were read by the BioEdit sequence alignment editor (Ibis Therapeutics, Carlsbad, CA, USA). SHR and BN.Lx sequences were aligned and between-strain polymorphisms identified. MacVector (MacVector, Inc., Cary, NC, USA) was used to analyze the sequence for differences in transcription factor binding sites resulting from such polymorphisms.
Candidate gene promoter/reporter transfection assay
Construction of the promoter/reporter plasmids. Primer3 (67) http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi was used to design PCR primers to amplify a 1.1 kb fragment of Dbh proximal promoter, or a 1 kb fragment of the Pnmt proximal promoter from genomic DNA of the SHR and BN.Lx. Computational sequence analysis of the Dbh and Pnmt promoters revealed the absence of SacI and XhoI restriction enzyme sites. Therefore, an SacI (5 ′ -GAGCTC-3 ′ ) or XhoI (5 ′ -CTCGAG-3 ′ ) restriction enzyme site was inserted in the 5 ′ end of the forward and reverse PCR primers to allow cloning. The Dbh or Pnmt promoters were PCR amplified from SHR and BN.Lx genomic DNA and subsequently digested with SacI and XhoI. T4 DNA ligase (Invitrogen) was used to insert the promoter fragments between the SacI and XhoI sites in the polylinker region of the firefly luciferase reporter vector, pGL3-Basic (Promega, Madison, WI, USA), which lacks eukaryotic promoter and enhancer sequences, and contains the cDNA for firefly luciferase. Creation of SNP variants of the Pnmt promoter/luciferase reporter constructs was accomplished using the QuickChange SiteDirected Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Correct insertion of the promoters was confirmed by DNA sequencing. Plasmid DNA for transfection was prepared and purified using the QIAfilter Plasmid Midi Kit (Qiagen).
Transfection of the promoter/reporter constructs: Rat PC12 pheochromocytoma cells [grown in DMEM high glucose (Invitrogen) with 5% heat-inactivated fetal bovine serum (Gemini Bioproducts, Woodland, CA, USA), 10% heat-inactivated horse serum (Gemini Bioproducts), penicillin (100 U/ml), streptomycin (100 mg/ml), and L-glutamine (0.292 mg/ml)] were transfected (at 50-60% confluence, 1 day after splitting 1:4) with Dbh or Pnmt promoter reporter plasmid DNA [1 mg supercoiled DNA per well; 12-well polystyrene plates (coated with poly-L-lysine; Sigma), 2.2 cm diameter wells, Corning Inc., Corning, NY, USA] using the liposome method (Superfect; Qiagen). Cells were incubated with or without dexamethasone (different concentrations: 1 nM, 10 nM or 100 nM; Calbiochem), 100 nM pituitary adenylate cyclase-activating peptide [PACAP (ovine; Calbiochem)] or 1 mM nicotine (Sigma). Cells were lysed 16 h after transfection with lysis buffer (300 ml per well) [0.1 M phosphate buffer (K 2 HPO 4 + KH 2 PO 4 ), pH 7.8, 1 mM DTT and 0.1% Triton-X 100].
Luciferase reporter activity assay. The bioluminescent activity of luciferase in 80 ml of transfected cell lysates was determined using the AutoLumat LB 953 luminometer (EG&G Berthold, Nashua, NH, USA) to measure light emission (incubation time ¼ 0 s, measure time ¼ 10 s, temperature ¼ 258C) after addition of assay buffer [100 ml per sample; 100 mM Tris-acetate (pH 7.8), 10 mM Mg-acetate, 1 mM EDTA (pH 8.0), 3 mM ATP and 100 mM luciferin (Sigma-Aldrich)]. As a control for varying cell number within individual wells, the total protein content was measured in the cell lysate using the Bio-Rad Protein Assay [coomassie blue dye absorbance shift; based on the Bradford method (Bio-Rad, Hercules, CA, USA)]. Luciferase activity in the cell lysate is expressed as the normalized ratio of (luciferase activity)/ (total protein content) or (RLU/mg protein).
